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Abstract The mesoporous nanoscale zircoina zeolite was
firstly synthesized via solid state -- Structure directing
method without addition of any stabilizer. The sample bears
lamellar or worm pore structures, relatively high surface
area compared with that reported. The mesoporous nanosize
structure can also resist higher calcination temperature. The
introduction of above zirconia to the catalyst of methanol
synthesis dedicates the nanosize particle size to the catalyst,
which significantly changes the physical structure and elec-
tronic effect of the catalyst. The catalyst shows higher
catalytic activity and selectivity to methanol. The active sites
for methanol synthesis are demonstrated over various cata-
lysts in this paper.
Keywords: zirconia, mesoporons zeolite, nanosize, catalyst for
methanol synthesis.
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Zirconia is the only transition metal oxide containing
both acidic and basic surface sites. It bears excellent ion-
exchange property and rich oxygen defects in surface,
providing for multifunction in catalysis such as acting as
catalyst, support or promoter. Zirconia is also of particular
interest because of its potential applications in oxygen
sensors, solid oxide electrolyte and electrode fields. If it
had the developed pore structure, it would not only im-
prove the capacity of electric charge transformation but
also would decrease the diffusion resistance of molecular
to and fro the catalyst pores, which are favorable for fuel
cell and catalyst applications[l-4J• But its applications are
limited for low thermal stability, low surface area and poor
pore structure.
The prefered pathway to settle above mentioned
problems seems to design a novel structure for zirconia,
which possesses nanosize effects and mesoporous struc-
ture simultaneously. However, the method to synthesis
MCM-41 is not perfect to use in preparing non- siliceous
mesoporous materials because of the difference in elec-
tronic property between the silicon and transition metal.
So far, some non-siliceous mesoporous materials such as
Sb, Fe, Mo, V, Ti oxide already synthesized via the sol-gel
method[5-12J, but the mesoporous structure just retained
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with the templates. Namely, it is much more difficult to
remove the templates and create porous materials. Thus it
is essential to develop a new pathway or select new struc-
ture-directing agent to synthesize high thermal stability of
non-siliceous mesoporous materials[13-18J•
We are tremendously interested in the properties of
zirconia after contributing its nanosize and mesoporous
structure at the same time. A novel pathway combining
solid state reaction with structure-directing was developed,
which can successfully synthesize mesoporous nanoscale
zirconia. Using this method the materials with uniform
nano-particles and developed pore structures can be ob-
tained. The preliminary investigation shows that this spe-
cial zirconia has excellent adsorption and catalysis capac-
ity.
1 Experimental
( i ) Sample preparation. The mesoporous nanosize
zirconia was prepared via solid-state reaction -- the
Structure-directing method. In this synthesis, zirconyl
chloride (ZIOCb • 8H20) and sodium hydroxide is used
as the zirconium and alkali precursor respectively. With
the presence of PEO-block-PPO (poly (ethylene glycol)-
block-poly-(propylene glycol)-block-poly (ethylene gly-
col)) surfactant, the samples were synthesized at 2 or 4
molar ratio of sodium oxide to zirconyl chloride. First,
ZIOCb· 8H20 and NaOH were milled into fine powder
respectively and mixed at ambient temperature with the
assistant of surfactant. The mixture was then transferred
into an autoclave and kept at a 383 K for 48 h. Subse-
quently, the mixture was washed with deionized water
until it was free of cr ions, and then washed with ethanol
twice to remove water and surfactant contained in the
solid. Finally, the samples were dried at 383 K for over-
night.
The CulMxO/nano-ZI02 catalyst with mass ratio of
27/3/70 was synthesized by deposition-coprecipitation
method using nanosized zirconia as the support. Copper
nitrate and sodium carbonate are, respectively, the active
component precursor and precipitaor. This catalyst is de-
noted as DP. For comparison, another CulMxO/ZI02
catalyst with the same composition as above was prepared
using the conventional co-precipitation method. This
catalyst is named as CP. Note that MxOy represents the
promoter such as Ga203, B20 3, ZnO and A120 3.
( ii) Characterization. The synthesized samples
were characterized by nitrogen adsorption analyzer (Mi-
cromeritics-ASAP-201O) at 77.3 K, X-ray diffraction
(XRD, Philips-PW-1840), laser Raman spectroscopy (L-
Raman), scan electron microscopy (SEM, JEOL-JSM-
5410), transmission electron microscopy (TEM, JEOL-
JSM-201O), X-ray photoelectron spectra (XPS, PHI
Mode11560), infrared spectroscopy (lR) and thermal grav-
ity analysis (TGA, Shimadzu-50). The surface area, pore
structure, crystal phase, particle size, morphology, micro-
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typical XRD patterns of zircoina before and after calcina-
tion. All samples show a primary diffraction peak at low
angles and broaden lines at high degrees. It indicates that
the zirconia prepared using the solid state reaction--
Structure-directing method has the similar mesostructure
of MSU, while its pore wall is more ordered compared
with MSU because the inorganic wall is composed of
semicrystalline frameworks. After calcinations at 873 K,
the peak at low angle shifts to the higher degrees as well
as with very low intensity, however, the peaks at high an-
gles turn to be sharp. These show that the mesoporous
structure must partly collapse at 873 K. Fortunately the
mesoscopic order is preserved in the sample calcined at
723 K. Also, the appearance of high angle peaks indicates
that the zirconia is nanocrystalline with tetragonal struc-
tures. The particle size of the sample calcined at 873 K
estimated by the Sherrer equation, is only about 5.8 urn as
confirmed later by TEM images. The calcination is
accompanying the growth of zirconia particles and the
larger tetragonal nanocrystlline can be obtained at higher
calcinations temperature.
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structure and surface property of the samples were tested
respectively using above analysis teclmologies.
(iii) Catalyst activity test. CO2 hydrogenation was
carried out using a fixed-bed continuous flow reactor.
Prior to methanol synthesis, the fresh catalyst was reduced
with pure H2flowing at a rate of 40 cm3/min at 523 K for
3 h under atmospheric pressure. The reactions were car-
ried out at 523 K under 2.0 MFa using premixed H2/C02
(3/1). The space velocity (SV) was 2500 h- I . The conver-
sion of CO2and methanol selectivity are defined the same
as ref. [19].
2 Results and discussion
( i ) Removal of surfactant. To avoid the structure
collapse, the solvent extraction (ethanol) instead of calci-
nation to free the pores has been chosen. Fig. 1 shows the
background-subtracted IR spectra of the samples at dif-
ferent preparation stages. As it can be seen from this fig-
ure, the intensity of the symmetry stretching 2920 cm-I
and asymmetry stretching 2850 cm-I mode of the methyl
groups of PEO-block-PPO is strong in the no extraction
sample[16,20J• After water washing it apparently decreases,
which shows that there is still some surfactant remaining
in the pores. However, the peaks arising from the surfac-
tant completely disappear after ethanol extraction. It
means that solvent extraction is a potential method to re-
move the surfactant from the zirconia precursor prepared
via solid state reaction--Structure-directing way. It also
depicts that the interaction between the Zr-O-Zr frame-
work and surfactant is weak and there is short channel,
relative ordered pore structure in the materials.
Fig. 2. The XRD patterns of zirconia. Insert, High angle peak.
After ethanol washing
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Fig. 1. The IR spectra of zirconia precursor at different stages.
More interest is that the intensity of hydroxyl broad
peak (3000-3500 cm-I ) becomes stronger after solvent
extraction. It can conclude that the zirconia prepared with
this novel method bears developed pore systems and high
surface areas and the water can enter the free pore con-
tributing by removal of surfactant. The removal of surfac-
tant using ethanol extraction has already reported[l6,20J•
Their results are consistent with this paper.
( ii) Mesporous nanosize structure. Fig. 2 shows
The nanosize of zirconia is further confirmed by L-
Raman spectra. Siu et al. reported[2l J that besides the
common peaks in the general size, there is an extra vibra-
tion peak at 1038 cm-I when the particle size is smaller
than 15 urn. The intensity of this peak is becoming
stronger with the decrease of particle sizes and the red
shift of vibration wave number can be observed. Fig. 3
shows that there is a weak band of amorphous matrix at
550-600 cm-I and signal of tetragonal zirconia at
260-270 cm-I respectively. These data mean that there
are some defects on the surface of the sample and the in-
organic framework is the hybrid of amorphous and
tetragonal zirconia. This is consistent with the broad XRD
peaks at high angles. In addition, the appearance of 1080
cm-
I peak indicates that the sample has the nanosize.
Other tetragonal phase peaks such as 315-330,
465-475, 640 cm-I also appear and the intensity of peak
at 1080 cm-I turns to be very weak with the increase of
calcinatin temperature, which means that the wall frame-
work is absolutely nanocrystalline with tetragonal phase
and the particle size tends to be larger.
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Table I The surface area and pore structure of zirconia prepared at
different crystallizing temperatures
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pearance of the pore structure shows that the mesoporous
structure zirconia with rich micropore can be obtained
using solid state reaction-- Structure directing method.
In addition, the pore structure can easily get optimal by
tuning the preparation conditions. It means that this novel
method is potentially useful to prepare mesoporous
nanosize transition metal oxide. It is worth noticing that
using this method, the as-made sample with surface area
of 716 m2/g can be obtained, which is the highest surface
area as we know.
(iii) Microstructure. The SEM images shown in
Fig. 6 indicate that the lamellar structure can be synthe-
sized at low ratio (OH/Zr = 2.0) of sodium hydroxide to
zirconly chloride. This structure becomes compact with
the increase of the crystallizing temperature. But at high
ratio (OH/Zr = 4.0) the worm pore structure can be shown
and pore diameters are concentrated at 3.0 urn which is
consistent with the nitrogen sorption data.
The mesoporous structure is clearly observed in
TEM images shown in Fig. 7. After calcinations the crys-
tal lattice of tetragonal phase can also appear and the par-
ticle is larger than as-made samples.
(iv) The performance of the catalyst for methanol
synthesis. Fig. 8 shows that the crystallite size of CuO in
DP catalyst is much smaller than that in CP catalyst. The
particle size calculated by Sherrer equation in DP is about
3 nm; while in CP it is 14 urn. This results show that the
catalyst prepared with nanosize zirconia has larger surface
area compared with the CP catalyst.
In addition, the XRD patterns are almost identical for
two different promoter catalysts. This means that the role
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Fig. 5. Pore distribution of zirconia, the preparation condition is the
same as the sample crystallized at 11 O'C in Fig. 4.
It can be seen in Fig. 5 that there is developed
mesopores and micropores in the mesostructure of zirco-
nia simultaneously. This pore structure contributes two
values to the catalysis. Namely, it is not only beneficial to
the transfer of large molecular in the inner channel but
also to the shape selectivity of small molecules. The ap-
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Fig. 4. Nitrogen adsorption-desorption isothenns of zirconia prepared
at different crystallizing temperatures.
The nitrogen sorption isotherms shown in Fig. 4 de-
pict the mesoporous structure of zirconia prepared with
the solid state--Structure-directing method. Various
isotherms type and hystersis loops observed for those
samples synthesized at different crystallizing temperatures
indicate that the mesoporous structure and surface area of
zirconia can be easily tuned using different preparation
conditions. For example, the surface area (shown in Table
1) appears with the maximum value and the pore diameter
is increased with the increase of crystallizing temperature.
Also the pore structure and surface area can be controlled
by other factors such as the ratio of sodium hydroxide to
zirconly chloride, washing method, type of surfactant and
so on.
420 660 900 1140 1380
Raman shiftlcm-I
Fig. 3. The Raman spectra of zirconia.
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Fig. 6. SEM images of as-made zirconia prepared at different crystallization temperatures. Samples are prepared under following conditions:
NaOH/ZrOCh ~ 2.0, Zr/surfactant ~ 25. The temperature used is 90'C (a) and 180'C (b) respectively.
Fig. 7. TEM images of ziconia. Samples are prepared under following conditions: NaOH/ZrOCh ~ 4.0, Zr/Surfactant ~ 10, crystallization temperature
~ 1l0'C. (a) As-made; (b) calcined at 723 K.
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Fig. 8. XRD patterns of the calcined catalysts prepared with different methods: * CuO; +, Zr02. (a) Cu/Ga20,lZr02; (b) Cu/B20,lZr02.
played by the nanoparticle size is stronger than that by the
chemical composition, which has been confirmed in pre-
vious research work[22].
The reduction behavior of the calcined catalysts was
monitored by TPR. TPR spectra shown in Fig. 9 indicate
that the catalyst prepared with nanosize zirconia is easy to
reduce. The reduction temperature of DP is significantly
decreased compared to the CP. Interestingly the interac-
tion among the various components in DP is stronger than
in CP. It only results in one structure of copper oxide in
978
the CulB 20 3/Zr02 precursor.
The surface chemical properties of catalysts were
systematically investigated by XPS. The spectra are
shown in Fig. 10. The binding energy (BE) of CU2P3/2 is
lower than the pure CuO and DP catalyst even more. This
indicates that CuO and zr02 are not simply physically
mixed, but some interaction between them has taken place.
Further research exhibits that the state of copper in re-
duced DP is Cu+, but in CP catalyst is metal copper.
Moreover, nanosized zirconia renders more oxygen va-
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Fig. 9. TPR spectra of the calcined Cu/B20,lZr02 catalyst prepared
with different methods.
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cancies of the DP catalyst.
The typical activity and selectivity results over dif-
ferent catalysts are listed in Table 2. The yield of methanol
for DP catalyst is much higher than that of the CP catalyst.
The selectivity of methanol and conversion of CO2 over
the DP catalyst are higher than any other previously re-
ported[19]. This further demonstrates the role of nanosized
zirconia. It can explain that the catalyst with the smaller
particles, higher surface area and better dispersion of cop-
per[23] enhances the intrinsic chemical reactivity.
3 Conclusion
The use of solid state --structure-directing method
allows the formation of mesoporous nanosize zirconia
with large surface area, lamellar or no more ordered worm
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Fig. 10. CU2P3/2 spectra for the surface ofCu-Ga20,lZr02 catalyst prepared with different methods.
Table 2 Performance of the catalysts for methanol synthesis
Catalyst CO2conv. (%) CO Select. (%) MeOH select. (%) Yield of MeOH/mmol • g-l
13.71 24.41 75.59
Cu/Ga20,lZr02
DP 2500
CP 2500
DP 2500 15.83 32.74
CP 2500 0.0 0.0
Cu/ZnO/ZrO/ 2500 21.32 20.13
Cu/Ab03/ZrO/ 2500 23.76 17.53
67.26
0.0
79.87
82.47
1.93
0.14
1.80
0.0
3.19
3.67
* The conversion ratio is too low to obtain the percent of CO by GC; # DP catalyst.
pore mesostructure. It is worth mentioning that the pore
structure and surface area can be easily turned by control-
ling the preparation conditions and the sample with sur-
face area above 700 m2jg can be obtained.
The introduction of the mesporous nanosize zirconia
to the methanol synthesis catalyst can significantly change
the physical structure and improve the catalytic perform-
ance of the catalyst. It renders the catalyst possessing
nanostructure, larger surface area, higher porosity, low
reduced temperature and so on. These all contribute to the
improvement of the activity and selectivity of the catalyst.
In addition, the elemental metal and Cu+ are all active
sites for methanol synthesis, while the Cu+ is more active
Chinese Science Bulletin Vol. 49 NO.9 May 2004
than the copper metal.
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